Nano-roughness limits the emittance of electron beams that can be generated by high efficiency photocathodes, such as the thermally reacted alkali antimonide thin films. However there is an urgent need for photocathodes that can produce an order of magnitude or more lower emittance than present day systems in order to increase the transverse coherence width of the electron beam. In this paper we demonstrate a method for producing alkali antimonide cathodes with near atomic smoothness with high reproducibility.
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Nano-roughness limits the emittance of electron beams that can be generated by high efficiency photocathodes, such as the thermally reacted alkali antimonide thin films. However there is an urgent need for photocathodes that can produce an order of magnitude or more lower emittance than present day systems in order to increase the transverse coherence width of the electron beam. In this paper we demonstrate a method for producing alkali antimonide cathodes with near atomic smoothness with high reproducibility.
Photoemission based electron sources for the next generation x-ray high repetition rate, high brightness light sources such as Energy Recovery Linacs 1 and Free Electron Lasers 2 need to satisfy several criteria, namely: high (>1%) quantum efficiency (QE) in the visible range, smallest possible intrinsic emittance, fast (sub-ps) response time and a long operational lifetime. During the past decade, alkali-antimonides (eg. K 2 CsSb) have emerged as the only class of materials that satisfies all these requirements with a high QE >5% and a low intrinsic emittance in the range of 0.36-0.5 µm per mm rms laser spot size in green (520-545 nm) light 3-5 . Additionally, alkali-antimonides also show promise as sources of ultra-cold electrons for ultrafast electron diffraction 6 applications and Inverse Compton Scattering based Gamma ray sources 7 . Although alkali antimonides have many excellent characteristics, the synthesis process leads to relatively high levels of roughness 8 . K 2 CsSb photocathodes are typically grown as thin films over conducting substrates by thermal evaporation of ∼10-30 nm of Sb followed by sequential thermal evaporation and reaction of K and Cs respectively 3,9 . The films created by this process are not ordered and can have a root mean square (rms) surface roughness as high as 25 nm with a period of roughly 100 nm 8 . Such a surface roughness can distort the electric field near the cathode surface causing the intrinsic emittance to drastically increase. Ignoring the contribution of the slope effect 10, 11 , to first order, the intrinsic emittance after accounting for this electric field effect can be given by in = 2 in0 + 2 f , where in0 is the intrinsic emittance of the cathode at near zero electric field and f is the enhancement to the intrinsic emittance at an electric field of f MV/m (typically in the range of 1-20 MV/m) at the cathode surface. In RF/SRF based electron guns, used for high bunch charge applications, the electric field at the cathode surface can be greater than 20 MV/m. In this case the electric field enhancement of the intrinsic emittance can be as high as 2 µm per mm rms laser spot size making these cathodes unusable.
12 . The smallest possible intrinsic emittance is limited by the lattice temperature of the cathode to in0 = 0.22 a) Electronic mail: fjun@lbl.gov µm at room temperature and can be obtained by exciting electrons with near threshold photons 13 . However, in alkali-antimonides the smallest possible emittance is limited to a higher value even at photoemission threshold because of the surface roughness 14 . In order to reach the thermal limit and attain the smallest possible intrinsic emittance from cryo-cooled alkali antimonide cathodes a sub-nm surface roughness would be required 14 . Apart from the surface roughness, another drawback of the traditional sequential growth procedure is its irreproducibility and unreliability. Despite the wide use of this growth technique for streak camera and photomultiplier applications since the 1960s 15, 16 , this growth technique is complex and remains extremely sensitive to many deposition parameters such as substrate and source temperature, growth rate, final thickness and the quality of vacuum, etc. making it difficult to control and reproduce 17 . The complexity of this technique makes it difficult to automate and the results depend strongly on the skill of the cathode grower 18 . Recently, X-ray diffraction studies have shown that this surface roughness and the irreproducibility in this traditional growth process can be attributed to the exothermic reaction of K (or other alkali metals) deposited on top of the Sb thin film 8, 9, 19 . This reaction leads to several meta-stable K-Sb states making the process difficult to control.
In this paper, we report a growth procedure to grow K-Cs-Sb cathodes using a co-deposition technique. This technique avoids the exothermic reaction between a previously deposited Sb film and alkali metals making it very reproducible and is less complicated than the traditional sequential deposition technique. We present the spectral response and atomic force microscopy (AFM) measurements of the K-Cs-Sb cathodes grown using this technique and show that they are similar in QE, but are far smoother as measured by AFM when compared to the cathodes grown using the traditional sequential deposition technique. The typical roughness of cathodes grown using the co-deposition technique is less than 1 nm (rms). This technique will not only allow easy production of alkali antimonide photocathodes, but will also allow their use in high electric field RF/SRF guns and enable generation of ultra-cold electrons from these cathodes.
Several photocathodes were prepared on Mo and Si substrates, 12 mm in diameter. The surface of the substrates was optically polished and heated to 400
• C for figure 1 . The substrate is grounded and a bias ring (biased to 50 V) is used to collect the photocurrent emitted from the cathode during and after deposition to measure the QE.
The substrate temperature is maintained at 90
• C during the entire deposition process. Sb, K and Cs are deposited simultaneously on the substrate. Sb is deposited at a rate of 0.1Å/s as measured by the QCM. This assumes a sticking coefficient of 1, as demonstrated by cross calibration with x-ray reflectivity and scanning electron microscopy measurements 22 . The alkali metals are evaporated by passing currents of 4.7 A and 5.5 A through the K and Cs sources respectively. No parameter needs to be varied during the entire process. The deposition rate of K and Cs cannot be similarly measured using a QCM due to the unknown sticking coefficients of the alkali metals on the QCM and variability caused by temperature and deposition history 23 .
A 532 nm laser is used to monitor the QE during deposition. Figure 2 shows the QE as a function of deposition time. Evaporation of all the three metals is started simultaneously. The deposition rate is held constant throughout the deposition process. As seen from figure 2, the QE starts to increase about 9 minutes after starting the deposition process and continues to increase up to 8-10% for roughly 300 mins. At this point the QE reaches a maxima and then saturates. All the sources are turned off at this point and the substrate is allowed to cool. The QE stays nearly constant as the substrate cools down slowly to room temperature. Ten cathodes were grown using this procedure and all gave a final QE between 7-10%. No significant substrate dependence was found.
The spectral response of the K-Cs-Sb cathode is measured using a plasma based wavelength tunable light source 24 . Figure 3 shows a comparison of the K-Cs-Sb cathodes grown using the co-deposition process and the traditional sequential growth process 4 . We can see that cathodes grown using both techniques have nearly the same photoemission threshold, but the QE of the codeposition cathode is higher between photon energies of 2.2 eV and 2.4 eV and is lower at photon energies greater than 2.6 eV. These differences can be attributed to possible structural and compositional differences between the cathodes obtained by the two deposition techniques.
FIG. 4. (a) AFM image of a cathode grown using sequential deposition (b) AFM image of a cathode grown using the codeposition technique
In order to compare the surface roughness, two cathodes were grown -one using the co-deposition technique described above and the other using a sequential growth technique 4 on commercially bought Si substrates with roughness below 0.3 nm. These cathodes were then transported in vacuum into an UHV-AFM. The thickness of the initial Sb layer for the sequential deposition was 7 nm. Figure 4 shows the AFM image of the surface of these cathodes. The rms values of the roughness for the two surfaces are given in table I.
The surface can be expanded in its 2D Fourier components and can be written as z = n A n φ n (x, y). The electric potential near the surface can be given by U = E 0 z + n C n e z/pn φ n , where p −1
ny , p nx and p ny are periods corresponding to the Fourier components in x and y directions respectively, E 0 is the longitudinal electric field away from the surface and C n are coefficients obtained by solving the Poisson equation 25 . If p n A n then C n ≈ A n E 0 11 . Assuming the initial velocity of the electron to be 0 and the transverse position to be nearly constant during the acceleration one can calculate the final velocity in the x direction due to the electric field as n C 2 n p n /p 2 nx . Since C n is directly proporional to E 0 , f ∝ √ E 0 . It was found that 20 harmonics in the Fourier expansions of the measured surfaces are sufficient to model the surfaces accurately. Hence the values of p nx and p ny are 600/K nm, where K ranges from 0 to 20.
The enhancement in intrinsic emittance due to the distorted electric field calculated using the above formalism
Quantity
Sequential deposition Co-deposition RMS roughness (nm) 2.5 0.6 figure 4 for the two surfaces due to surface electric fields of 5 MV/m ( 5 ) and 20 MV/m ( 20 ) is shown in table I. We can see from table I that the emittance generated from the rough sequentially evaporated cathode (0.36 µm/mm rms) at an accelerating field of 20 MV / m is higher than the intrinsic room temperature minimum emittance (0.22 µm/mm rms). 20 MV/m corresponds to the electric field in a VHF RF photogun 26 . Far higher fields, up to 100 MV/m can be generated in high frequency RF guns, and these would make the emittance degradation far worse. On the other hand, the co-deposited films have a much smaller effect on emittance, leading to an increase in emittance of only 0.12 µm/mm rms. This is significantly less than the minimum room temperature emittance. The thermal and roughness contribution to the emittance in this case should become equal at around 90 K.
In conclusion we have demonstrated a co-deposition based technique to grow ultrasmooth alkali-antimonide cathodes. The technique is significantly simpler than the traditional sequential methodology, easily reproducible and can lead to the automation of the growth process of alkali antimonide cathode. Additionally, this technique produces cathodes with sub-nm scale roughness allowing their use in high bunch charge applications where electric fields at the cathode exceed 20 MV/m without significant degradation in intrinsic emittance. In theory, the surface roughness is small enough to allow production of ultra-cold electron beams from alkali-antimonide cathodes enabling futuristic applications of these cathodes. However, in practice, production of ultra-cold electron may still be limited by other effects like work function non-uniformities and surface defects 27 . The stoichiometry and structure of the material obtained by this technique is still under investigation.
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